Abstract. Nonlocal terms in the Einstein Hilbert(EH) action appears as IR corrections in effective theory of quantum gravity. Here we have considered such an action keeping the terms which are quadratic in Ricci Scalar. We obtain the solution for a spherical symmetric. We conduct an analysis for linearised gravity action and find the Newtonian potentials of linearized gravity action and count the degrees of freedom. Finally we reproduce the results for few known examples found in literature.
Introduction
There are overwhelming evidences from the supernovae observations [1] of accelerated expansion of universe [2] . To explain the cosmic acceleration, one adds the cosmological constant(cc) in the local Einstein Hilbert(EH) action. However, the presence of cc in the action suffers from the serious issue of fine-tuning. In order to avoid such issues we take an alternative approach where our action contains nonlocal terms in addition to EH action. These nonlocal modified gravity models can be employed to study the cosmology in both IR and UV regimes. In order to study the cosmology in IR regime, first phenomenogical nonlocal model was introduced by Deser and Woodard [3, 4] by invoking a simple term of form Rf ( R ) in classical EH action of GR. After that many nonlocal models were introduced for a better understanding of accelerated solutions in these theories [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Origin of these nonlocal corrections can be understood by treating quantum gravity as an effective field theory [20] [21] [22] [23] [24] . These nonlocal terms arises when one performs the heat kernel expansion of effective action. In this work, we study the static spherically symmetric solution of a particular nonlocal model. This particular nonlocal model with action is [13] 
where a and c are arbitrary parameters. Action (1.1) consists of dynamical variables R 2 , which plays significant role at early time evolution of the universe. It is argued in Ref. [25, 26] that addition of R 2 term in EH action drives the inflation of our universe without adding any extra scalar field. The other term in action (1.1) plays the role of a cosmological constant. It is reported in ref [13] that evoloution of field equations corresponding to action (1.1) gives complete discription of universe at both early and late times. However it's worth mentioning that action (1.1) does not contain all the quadratic terms. The complete action up to 2 nd order in Ricci scalar obtained in a EFT of gravity is [14, 21] 
where χ is another arbitrary parameter which may be fixed by data. F and G, known as structure functions, are non-local in the low k regime. Expansion of F in the limit m 2 − takes the following form [14] F − m 2 = −b
Structure for G is given in equations (77) to (79) of Ref. [21, 33] .
In our work, we will consider only the terms containing R while neglecting logarithmic term. Hence our action reduces to
Paper is organised as follows : In Section (2) we set up all required equations to find solutions for a most general maximally static symmetric metric. Numerical solutions of these equations are obtained in Section (3). Section (4) is devoted to study the weak field implications of our action. Section (4.3) and (5) deal with calculation of newtonian potentials and counting the physical degree of freedom of the theory respectively. These calculations for some known examples are provided here. In last Section (7) we summarize our findings.
Equivalent scalar-tensor action
We consider the following nonlocal action (1.4) with matter part
Here a, b, c are the constants of mass dimension −2, 0, 2 respectively. L m is matter part of action.
We introduce the Lagrange multipliers P and Q in the action to rename the −1 and −2 in terms of auxillary scalar fields U and S. Here U and S satisfy
and
Using above defnitions we rewrite our action as
4) Further by integrating by parts action (2.4) becomes
(2.5) Varying action (2.5) with respect to scalar fields U , S , P and Q respectively, we get
From equations (2.7) and (2.8) it turns out that U = −Q and equation 2.6 becomes
The final action (2.5) becomes
(2.11) Varying action (2.11) with respect to metric g µν , we get
By taking trace of equation (2.12) we obtain the constraint equation as
Basic equations
Now we study the dynamics of these equations in static spherically symmetric space. We consider most general static spherically symmetric metric(sss) of the form
For this metric, different components of nonzero ricci tensor R µν and ricci scalar R are
15)
16)
17)
Specialization of invariant d'Alembertaion operator for the mertic equation (2.14) gives
Using equations (2.19) and (2.20) , the (00) and (ii) component of field equation (2.12) for geometry 2.14 read 22) and the constraint equation (2.13) becomes 
Numerical Solutions
Here we evaluate equations (2.21) -(2.26) in the region a
2 numerically. This limit on r is chosen to find initial conditions for perturbative estimates of our solution.
To solve numerically we need initial conditions for α, β, S, U, P. Note that for the given limit on r we can take br, cr 2 −→ 0, then from equation (2.13)
It is quite clear that trivial solution of equation (3.1) is R = 0, then equations (2.21) and (2.22) in the region outside the source, where T µν = 0, takes the form
The other equations (3.2) and (3.3) is same as standard GR form for spherically symmetric metric.
Similarly equation of motion for fields U, S become
Solutions of (3.2) and (3.3) are given by
Inserting equations (3.6) and (3.7) into equation (3.4) we get
where u 0 and u 1 are constants to parametrize the solution of homogeneous equation (2.8) .
Following the green function technique as described in ref [27, 28] to find the solutions to the field U and by fixing homogeneous part of the solution, we obtain the solution at linear order
and now plugging expresion of α, β, U into equation (3.5) [28], we get expressions for S(r) as
Now equipped with equations (2.21) -(2.26), we solve for e 2α , e 2β and scalar auxilary fields U, S, P numerically. Intial values for α, β, U, S, P are obtained by fixing the lower limit of r to 200. Here we choose r = 1. We also choose a = 10 −8 , b = 10 −7 and c = 10 −6.5 such that br, cr < 1. From numerical results it is clear that for Einstein gravity and R 2 gravity ricci scalar becomes 0, while in the nonlocal gravity case it varies very slowly with respect to r. The fields U, S, P, R are oscillatory in nature due to the presence of the nonlocal terms in action. It seems that this is a generic feature of nonlocal models.
Weak field analysis

Field equations: Revisit
In this section we work with original modified field equations for action (2.4) but not with the equivalent scalar tensor action. We follow the method used in ref [29] . Variation of the inverse of d'alembertian is given by
Generalising this to −n we get
Varying the (2.4) with respect to metric g µν and using equations 4.3, we obtain 
Weak field limit
In order to find the Newtonian limit of our model, we consider the weak field expansion around flat metric of the field equation(4.4). The perturbed metric g µν around Minkowski metric η µν , is
here h µν is perturbation around metric η µν . We raise or lower indices by using flat metric η µν . Using equation(4.6), Riemann Tensor , Ricci Tensor and Ricci scalar upto linear order in h µν are
Using equations (4.6)-(4.9) we write field equation (4.4) as
(4.10)
Re-arranging equation (4.10) we arrive at
(4.11)
Now we are ready to use this equation to derive Newtonian potentials.
Newtonian Potentials
By taking the weak field approximation (i.e., h 2 ≈ 0) and static limit (i.e., ≈ ∇ 2 ), the 00-component and trace of equation(4.11) are
12)
Here we assume p ≈ 0 so that trace of T µν = −ρ and T 00 = ρ. Considering a spherically symmetric metric with the line element 14) and noting that h 00 = −2φ, 15) equations ((4.12) and (4.13) reduces to
Solving equations (4.16) and (4.17), expressions for ∇ 2 φ abd ∇ 2 ψ are
Taking fourier transform of equation (4.18) and (4.19) and using M 2 p = 1 2κ 2 , M p is the Plank mass, we express newtonian potential φ(r) and ψ(r) as
By performing contour integration of these intergrals (4.21) and (4.23), we obtain 
It is clear from equations (4.24) and (4.25) that φ(r) and ψ(r) are free from singularity provided C and D are nonzero. As we see from equations (4.26) -(4.33) only real solutions are possible for φ(r) and ψ(r) if 1 − 6b + 9b 2 − 36ac > 0. For exponentially decaying real solutions we have a further constraint coming from equations (4.32)-(4.33), i.e., 1−6b+9b 2 −36ac > 1. Attractive and repulsive nature of the potential depends on the value of A, B, C and F in equations (4.24) and (4.25). M 1 and M 2 suggest the presence of extra massive degrees of freedom in our theory. Next we shall find the exact no. of degrees of freedom for our action.
Counting Degrees of Freedom (dof )
In order to count dof for our nonlocal model (1.2), we derive the propagator for h µν field. We follow the algorithm provided in Ref. [30, 31] .
Linearized field equation (4.11) can be expressed as
where
µν is the inverse of propagator and can be expressed in terms of projection operators in following way.
where P i are spin projector operators. Introducing 6 spin projector operators which forms the complete set are [30, 31 ]
3)
where θ µν and ω µν are called transverse and longitudinal operators defined in k space have the following form
P 2 µρνσ and P 1 µρνσ operators represent transverse and traceless spin-2 and spin-1 degrees, whereas P 0s µνσρ and P 0w µνσρ represent the spin-0 scalar multipltes. In addition to these four spin degrees we also have two more scalar multiplets P 0sw µνσρ and P 0ws µνσρ . Using equation (5.2), we can rewrite equation(5.1) as 8) where i takes the all projector operators described above.
Inverting Field equations
Using projector operators, Each term in equation (4.11) becomes
where we define d( ) = 1 − 2b + 2c −1 − 2a , e( ) = − 1 − 2b + 2c −1 − 2a and
Using equations (5.9)-(5.13), equation (5.1) becomes
Projecting spin operator P 2 µρνσ , P 1 µρνσ upon equation (5.14) we find
Action of P 0s µρνσ and P 0w µρνσ on equation (5.14) we get
It is clear from equations (5.17) and (5.18) that scalar multiplets are coupled. To decouple these multiplets from each other, we project again P 0w µρνσ and P 0s µρνσ upon equations (5.17) and (5.18) respectively, we get
Note that the denominator of equation (5.20) becomes 0. Finally total propagator we obtain
Further simplifying
Now we are in a position to count the degrees of freedom of our non-local theories by inspecting the propagator in equation (5.22) . We can get the number of dof by looking at the poles of the propagator. Poles of equation (5.22) are given by solutions of following equations
From equations (5.23) and (5.24) that we have total three degrees of freedom. One of them is massless of spin 2 multiplet while other two are the massive degrees of freedom of spin 0 singlet. Mass of these gravitions can be found by solving equation (5.24) . These masses are same as in expression of φ(r) and ψ(r) in section 4.3. Now we will study the role of individual terms of our action.
Special Cases
Here we consider some examples by taking different values of a, b, c.
Case 1 : RR Model
Newtonian Potential and dof
Taking a = 0 and b = 0 then our action reduces to RR nolocal model [28] . We find the expression for newtonian potential φ(r) as
Similarly exprssion for ψ(r) is given by
Propagator for RR model as
In this case we have total 2 degrees of freedom, a massless spin 2 multiplet while the other one is a massive spin 0 singlet. In this case we have total 3 degrees of freedom, two massless with spin 2 multiplet and spin 0 singlet, third one is spin 0 singlet with mass In this case we have total 2 degrees of freedom, both of them are massless (one is spin 2 multiplet where as other one is spin 0 singlet)
Summary
In this paper, we have presented the spherically symmetric static solutions for a non local action inspired by effective theory of quantum gravity. In addition we have calculated newtonian potentials by taking weak graviational field expansion for our non local action. We derive the graviton propagator and obtain the number of degrees of freedom present for our nonlocal action. It turns out that we have one massless spin 2 multiplet and two massive spin 0 singlet for our model. Finally, for different limiting cases of our action related to well known cosmological models we count the degrees of freedom. In future we will extend our analysis to other nonlocal models.
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